Abstract: Mangrove forests of Mexico have been threatened by the effects of anthropogenic activities during the last decades, mostly related to aquaculture, agriculture, livestock and urban development. Genetic diversity and fine-scale genetic structure of two generations of the black mangrove Avicennia germinans (L.) Stearn were investigated in perturbed and preserved sites from three lagoon systems in Sinaloa, Mexico. Genetic diversity and overall genetic structure were similar between perturbed and preserved sites. However, lower levels of fine-scale spatial genetic structure were observed in two of the younger (sapling) generations. We attribute this to differences in local dynamics of each lagoon system, their status of conservation and levels of fragmentation. Also, low connectivity and the effects of disturbance could restrict the movement of pollinators and seed dispersal capabilities, resulting in low levels of genetic diversity and signs of inbreeding. Perturbed populations of A. germinans may play an important role in in situ conservation of this complex ecosystem.
Introduction
Understanding the effects of anthropogenic perturbation on the genetic diversity of key forest species is crucial for the implementation of ecological conservation and management strategies [1] [2] [3] . Anthropogenic perturbation in tropical forests, e.g., mangroves, includes land conversion, habitat reduction and fragmentation, pollution, release of invasive species, human-induced fires, and direct exploitation [4, 5] . Changes in coastal lagoons in Sinaloa, Mexico have been associated mostly with aquaculture, agriculture, livestock and urban development [6] . Human-driven perturbations affect population demography that in turn could potentially lead to reductions in species genetic diversity and changes in patterns of genetic structure [7] [8] [9] . These disturbances could represent a real threat for the long term ability of species to respond if adaptive genetic traits are lacking [10] .
Mangrove forests are among the most productive ecosystems in the world [11] , providing several goods and services. Located in the transition zone between sea and land, these highly productive areas provide nurseries and refuges for several species, including those with economical importance [12] for rural coastal communities [13] . However, they are also highly vulnerable to human activities and mangrove forests to regenerate depends on geomorphological characteristics of the area and tidal flooding frequency [16] , as well as the ability of their propagules to disperse and establish in new areas. The insect-pollinated genus Avicennia is one of the key components of mangrove ecosystems around the world [16] . The black mangrove, Avicennia germinans (L.) Stearn [17] , is widespread along tropical and subtropical coasts of the American continent and West Africa, and is a major component of mangrove forests in these regions. A. germinans occurs more frequently in inland habitats compared to other key species (e.g., Rhizophora sp.), which is explained by its resistance to high soil salinity, and is therefore more vulnerable to human impacts. In this study, mangroves located in three lagoons in the eastern Gulf of California, Mexico, were studied including sites with different levels of human-driven disturbance. The rationale of this work was that mangrove areas with higher anthropogenic disturbance would show differences in the level and structure of genetic diversity in comparison with less perturbed areas.
Materials and Methods

Study Site Selection
Sampling sites were located in three coastal lagoon systems in Sinaloa (Mexico): Ceuta (CEU), Huizache-Caimanero (referred to as HC for the entire lagoon system or separately when discussing differences between both lagoons), and Estero de Urías (URI) (Figure 1 ), and were selected according to perturbed and preserved characteristics (remote sensing data (Landscape characterization was derived from Landsat TM 5 imagery (Normalized Difference Vegetation Index or NDVI, mangrove cover, aquaculture area, and fragmentation index)), in situ prospection, official cartography and ancillary data) [18] . CEU and HC have been designated as Ramsar sites [19] according to their ecological relevance, whereas URI has no protection status. 
Sampling Strategy and DNA Extraction
Two generations were sampled, adult and young trees (saplings) from two areas (perturbed and preserved) for each of the three lagoon systems (CEU, HC, and URI) (Figure 2 ). Three fresh leaves were collected from each individual separated at least 30 m apart to prevent consanguinity. In total, 
Two generations were sampled, adult and young trees (saplings) from two areas (perturbed and preserved) for each of the three lagoon systems (CEU, HC, and URI) (Figure 2 ). Three fresh leaves were collected from each individual separated at least 30 m apart to prevent consanguinity. In total, twelve subpopulations were analyzed by age and disturbance status for each lagoon system. Sampled material was maintained at −20 • C in the laboratory. Genomic DNA was extracted for 294 adults and 213 sapling individuals (further details are shown in Table 1 ) using a modified CTAB method [20] .
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Microsatellite Analysis
A total of 507 individuals were genotyped using eighteen microsatellite loci with primers developed for A. germinans (Table A1 ; Appendix A) [21] [22] [23] , which were fluorescent-labeled with FAM or VIC. Amplifications were performed in multiplex groups, or individually as follows: (1) 
Statistical Analysis
Data were tested for the presence of null alleles using MICRO-CHECKER [24] . In order to compare the genetic diversity estimates among locations and between adults and saplings the following analyses were performed. Observed and expected heterozygosity (Ho, He) were estimated using ARLEQUIN V.3.5.1.2 [25] . Allelic richness, by the rarefaction method (Rt), was estimated with the program FSTAT V.2.9.3.2. [26] . Inbreeding coefficient (F IS ) and deviations from Hardy-Weinberg were calculated with GENEPOP [27] . Significant differences of diversity estimates were tested among preserved and perturbed sites and among adults and saplings using group comparisons as implemented in FSTAT and by performing paired t-tests. The null hypothesis was tested that there were no significant differences between genetic diversity estimates in perturbed and preserved sites for each of the adults and saplings.
A hierarchical analysis was performed the genetic structure with an analysis of molecular variance or AMOVA [28] to evaluate the importance of substructure among conservation status and age group relative to regional structure using ARLEQUIN version 3.5 (Institute of Zoology, University of Berne, Bern, Switzerland) [25] . Different regional groupings were compared to test for significant differences and to assess how much of the genetic diversity was explained.
We used the Bayesian inference-based program STRUCTURE V.2.3.4. (Pritchard Lab, Stanford, CA, USA) [29] to infer the number of genetically homogeneous populations among adults and saplings separately. The admixture model was used with correlated frequencies without prior population information. The number of clusters (K) was inferred by performing 20 independent runs of each K (K = 1 to K = 10). The length of the sampler run included a burn-in of 100,000 iterations followed by 1 million iterations. STRUCTURE HARVESTER [30] was used to determine the optimal value of K [31] .
Spatial genetic structure within populations for each site and age group was analyzed using the SPAGeDi v 1.5 version (Brussels, Belgium) [32] . Analyses were based on the codominant estimator of the kinship coefficient F ij [33] . Distance classes were defined for both adults and saplings as follows: 0-50, 50-100, 100-200, and each hundred meters up to a maximum of 1 km. Pairwise kinship coefficients were regressed on the log of spatial distance to estimate b log, the regression slope. The 95% confidence intervals of the multilocus-weighed average of F ij for each distance class and b log were obtained through jackknifing locations over loci. Intensity of within population spatial genetic structure was measured with the Sp statistic [34] . Sp was calculated for each sample as Sp = −bln/(1 − F(1)), where bln is the regression slope of F ij on the natural logarithm of the distance and F(1) is the multilocus mean F ij of the first distance class, including all pairs of closest neighbors.
Results
Genetic Diversity
All 18 tested loci were polymorphic in at least one of the sampled locations either for adults or saplings. Summary genetic diversity estimates are presented in Table 1 . Null alleles were detected at locus Agerm11 at two sites and at locus Agerm15 for 50% of the sites. Data analysis was performed on the full data set. Genetic diversity estimates were relatively low for all sampled locations and ages. Allelic richness in the conserved sites ranged from 1.89 in CEU to 1.55 in Huizache for adult trees and between 1.75 in Huizache and 1.90 in URI for saplings. For perturbed sites, allelic richness in ranged from 1.69 in Caimanero to 1.73 in CEU for adults, and from 1.86 in CEU to 1.66 in Caimanero for saplings. FIS estimates ranged from 0.175 for adults in the URI-preserved site to −0.061 in the same site for saplings. Adults from one preserved site (CEU) and four sapling sites [two preserved (URI, Huizache) and two perturbed (CEU, URI)], showed significant deviations from Hardy-Weinberg equilibrium, indicating heterozygote deficiency. FSTAT perturbed vs. preserved group comparisons and pairwise t tests for all locations (overall, adults, and saplings) were not statistically different.
Population Genetic Structure
AMOVA results showed significant structuring at the coastal lagoon system level, where differentiation between systems was significant. In general, perturbed vs. preserved sites explained 3.31% of the variation (p = 0.169) ( Table 2 ). In addition, differences within populations were significant in all cases, explaining the higher percentage of the variance. Bayesian inference of genetically homogeneous populations for adults and saplings supported K = 2 for adults and K = 3 for saplings, with the highest ∆K of 821.4 and 80.5, respectively. Bayesian clustering of adult tree genotypes separated clearly both HC sites from the other two systems, with a few individuals showing admixture between inferred clusters (Figure 3a) . Clustering of sapling populations also indicated that HC differed from the rest of the sites and, in addition, CEU-preserved segregated as a different cluster, with one individual being of mixed origin (Figure 3b ). We were unable to detect a pattern of higher or lower genetic structure when comparing perturbed and preserved sites from this analysis, i.e., all sampled sites formed a single cluster among individuals. 
Spatial Genetic Structure
Sampled sites showed unclear patterns of spatial genetic structure. Some sites showed higher levels of genetic structure at 200 m, 400 m, and 500 m than at the first distance class. Five sites had significant kinship coefficient values for the first distance class F1 (0-50); two of those were adult stands (HC-preserved and URI-perturbed) and three sapling sites (HC-preserved, URI-preserved, and URI-perturbed; Table 3 ). There was no evidence of difference in the kinship coefficient for the first distance class (F1), when comparing perturbed vs. preserved sites (Table 3) . At CEU, no spatial structure was detected in any of the sampled sites (perturbed or preserved) according to the spatial autocorrelograms (Figure 4) , or F1, b-log, and Sp estimates ( Table 3 ). The highest level of structure as measured by Sp was detected in preserved sapling sites in HC and URI; 0.035 and 0.024, respectively. In adults, the highest Sp values were detected in URI preserved (0.015), URI perturbed (0.013), and CEU perturbed (0.011). Strong differences were observed in Sp and b-log in these preserved sites in comparison with the associated perturbed sites. CEU-preserved saplings showed a minor difference with a similar pattern between preserved (Sp = 0.002) and perturbed (Sp = −0.003) sites. b-log estimates were lower in adults from perturbed sites at HC and CEU; however, the Sp values were very similar between adults in paired perturbed vs. preserved site comparisons. 
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Discussion
Genetic diversity and structure among perturbed and preserved stands of the black mangrove A. germinans were investigated in the eastern margin of the Gulf of California (central-southern Sinaloa state). Overall, genetic diversity was relatively low, consistent with previous reports for northern East-Pacific mangrove populations [35, 36] . No significant differences were observed in genetic diversity among preserved and perturbed sites in the analyzed generations (adults and saplings).
Genetic structure was comparable among sites according to the number of Bayesian clusters detected, where each sampled site showed a single cluster. Adult stand spatial genetic structure as estimated by Sp was also similar between perturbed and preserved sites. Nevertheless, a marked dissimilarity in spatial genetic structure was detected between sapling sites in two lagoon systems, HC and URI. In these two wetlands, Sp values were two orders of magnitude higher in preserved vs. perturbed sites. Sapling generation is expected to be more sensitive to perturbation effects than adults, which are a sample of ancestral conditions. This loss of spatial genetic structure in two sapling perturbed sites suggests the elimination of local genetically related groups. This loss of structure could imply an increase in the distance of seed and/or pollen dispersal. Average spatial genetic structure for adults was three times lower than expected for a tree with mixed mating [34] . We acknowledge that it would be necessary to sample individuals that are within close proximity (10-30 m) to establish the precise distance at which these populations present fine-scale spatial genetic structure and that our sampling could also affect the strength of detected spatial structure at the first distance class. Nevertheless, a biologically plausible factor that could influence the low level of overall spatial genetic structure is the water-dispersed black mangrove propagules. These propagules, which are viable for up to two months when floating in salty water, tend to get trapped in the pneumatophores of the mother or nearby trees. Establishment could be complicated in dense areas. Results showed that most sites do not follow a pattern of isolation by distance, where nearby individuals are more genetically related than distant individuals. Correlograms showed either higher spatial genetic structure at greater distances (200 and up to 500 m) than expected or no structure. Local system dynamics, e.g., hydroperiod (duration and frequency of inundation at a period time), may explain the observed differences related to the distribution of genetic diversity. Previous work [37] has demonstrated that in Central American populations of A. germinans, within-population genetic structure indicates the formation of demes at different spatial scales. The significant spatial genetic structure detected at higher distances in this work could be explained by the sampling of different genetic demes between 200 to 500 m distance classes in these populations.
Some factors that determine the movement of propagules and pollinators in lagoon systems are the distance between populations, levels of fragmentation, and the distribution of species. Pollinator movement patterns are influenced by the lack of connectivity among individuals. Pollinators tend to move within fragments, reducing pollen dispersal in more fragmented areas, which could lead to an increase in bi-parental inbreeding [38, 39] . Furthermore, insect flights tend to span smaller areas than other animal pollinators [40] . This restricted pollen movement may play a relevant role in determining the level of genetic structuring in some areas. However, the lack of spatial genetic structure in juveniles from two perturbed sites (HC and URI) as compared to preserved sites from the same lagoon systems implies that either pollinators tend to move greater distances than expected, or that propagule dispersal effectively diminishes the formation of genetically homogeneous clusters of individuals.
Lower levels of genetic diversity and increased inbreeding were recorded along the Colombian Pacific coast associated with fragmentation processes and restricted propagule dispersal [41] . At a regional level, isolation of lagoon systems could lead to an increase in inbreeding and lack of incoming genes from nearby populations. In the same way, HC was the site with the lowest estimates of allelic richness and also the location in which a third cluster was detected according to STRUCTURE analysis. One of the main anthropogenic disturbances in HC is the presence of seasonally fixed fishing structures known as "tapos", which restricts propagule dispersal, i.e., a higher abundance of propagules have been reported during autumn when those fishing barriers are operating [42] , causing isolation of mangroves, at least in this lagoon system. Also, HC showed a tendency to be naturally closed because of the accumulation of sediments, especially at the northern mouth isolating mangroves from tidal sea water, which could act as another dispersal barrier.
Although the geographical distance is relatively short (~211 km) among lagoon systems, the internal dynamics of each one differs and may account for observed genetic diversity and regional genetic structuring. HC had the lowest level of genetic diversity while less recruitment was observed in the field and trees and saplings showed signs of stress (e.g., low chlorophyll values, results not shown). Rehabilitation of natural hydrodynamics of HC must be a priority because of its widely recognized ecological importance [43] .
The conservation status of the study areas vary according to their related ecological history. However, A. germinans in perturbed areas showed a similar level of genetic diversity than nearby preserved areas, which may be related to a short time scale to record a negative impact on genetic diversity of these mangrove populations. The level of genetic diversity in perturbed sites could also be maintained by incoming gene flow from more preserved areas. Nevertheless, perturbed sites may suffer a loss of spatial genetic structure in the following generations (as recorded in HC and URI). Perturbed sites may act as reservoirs of the species evolutionary potential if such genetic changes are maintained through several generations, being relevant for mangrove conservation initiatives. [23] 
